This paper presents a numerical scheme to estimate a residual fatigue life of damaged RC bridge decks by means of the pseudo-cracking method proposed, which converts crack inspection data into the on-site mechanistic damage of structural concrete. First, crack information, which can be obtained through a simple visual inspection at site, is transformed to equivalent strain fields upon a finite element discretization, and an equivalent damage state is numerically reproduced. Then, the proposed system simulates subsequent responses to assess the residual fatigue life despite the initial cause of the cracks. The methodology proposed in this study was examined by re-producing several inspection processes computationally, and the numbers of traffic load passages at failure is verified without using the past loading history. For engineering verification, the fatigue-loading experiment of RC slabs, which was taken from a bridge subjected to the real traffic loads, are targeted to be simulated by the pseudo-cracking approach. Sensitivity analyses are also conducted to compute the S-N diagram of the damaged slabs in the five deterioration grades specified by the JSCE maintenance code, and the quantitative results are found to approximately match the specified recommendation. This study indicates that the proposed approach is capable of leading crack strain fields of RC slabs to remaining life-span simulation of damaged RC for the case of low intensity and high cycle fatigue actions.
Introduction

Background
In the field of bridge maintenance, engineers are often concerned with deck problems such as excessive deflection, steps on the joint and pot-holes on the surfaces. These can cause traffic accidents and degraded serviceability even if the main girders of the bridge work well. In general, decks need to be repaired sooner than main structures because they directly absorb damages and deformation from heavy traffics. High cycle traffic causes fatigue failure not only on steel but reinforced concrete (RC).
Fatigue failure of RC structures has been studied in past decades (CEB 1988; Schläfli et al. 1998) . For bridge decks, certain research groups installed wheeltype moving-load machines and directly analyzed fatigue failure mechanisms (Matsui 1987; Pedikaris and Beim 1989) . Based upon these advanced studies, S-N diagrams of RC decks under high-cycle moving loads have been developed. Furthermore, several influencing factors in fatigue problems, such as the minimum slab thickness and the detailed reinforcement arrangement, were renewed in some design codes to prevent the deck fatigue failure. The renewed code enabled effective designs of RC decks in long service afterwards.
Despite these advances for newly constructed slabs, it is still difficult to quantitatively assess the health conditions and the remaining life of damaged RC decks designed by the old codes. Indexes used in experimental studies, which are critical to accurate assessments such as deflection, strain of reinforcing bars and the vibration mode, cannot be effectively ascertained because measurable data on site is so much limited. This paper aims at proposing a numerical simulation to support and supplement diagnoses by on site experts, that is, a newly proposed pseudo-cracking method.
Simulation of RC members under high cycle repetition of loads
Concrete fatigue is an area that has benefitted greatly from researchers' developments of theoretical models. Papa et al. (1996) and Alliche (2004) presented theoretical models for fatigue of plain concrete based on damage mechanics. Matsumoto et al. (2008) successfully showed characteristics of cumulative damage of concrete by using Rigid Body Spring Model (RBSM). It agrees with the experiment conducted by Oh et al. (1991) . For structural concrete, Peerapong et al. (2006) presented a fatigue analysis of bridge decks by using a fracture mechanics. Palermo et al. (2007) developed a finite element analysis for cyclically loaded concrete structures.
The authors developed a nonlinear finite element analysis that fully traces the mechanical damage and plasticity of concrete under high cycle repetition of 1 loads in use of the logarithmic scheme of accelerated time integration. The computational framework developed by the authors has been experimentally verified under high-cycle and dynamic loads (Maekawa et al. 2006a (Maekawa et al. , 2006b ). It might be the right time to implement theoretical models into practical applications to the life assessment of existing structural concrete.
In this paper, the authors begin by activating nonlinear FE analysis for the remaining life prediction of already damaged RC bridge decks in service. This study has two major parts. The first is to transfer the data obtained from a simple visual inspection of damaged RC members to the advanced numerical simulation system; the second is to serve the advanced numerical simulation system to the practical engineers with reasonable simplification.
Methodology
Pseudo-cracking method with visual crack inspection data
It is practically difficult to record precise traffic history over the entire life-span of a bridge. Then, the proposed simulation system to estimate the remaining life cannot rely on such a perfect maintenance data. It is expected to predict the residual life of an existing bridge deck solely based on crack data obtained from visual inspections of practical use. This section depicts the scheme of a proposed simulation applied to RC slabs which has been in service and more or less damaged.
The proposed scheme named "pseudo-cracking" consists of three parts. The first one is to digitalize crack inspection data on the line of a finite element discretization ( Fig. 1) , and the second is to create pseudo-cracks inside a computer based on the digitalized crack data (Fig. 2) . The third is to run a behavioral simulation of the target slab where the pseudo-cracks are built in (Fig.  3) .
As an initial step, crack inspection should be conducted to supply crack information as input to the lifespan simulation; that is to say, crack location, orientation and its width are required. At this time, it is also recommended to conduct additional inspections such as location and corrosion of reinforcing bars inside concrete, even if design documents and drawings are well kept. As a matter of fact, the structural and material properties of an existing bridge may differ from the specified values in the original design.
As the second step, finite element models should be prepared. The size of the in-plane element mesh shall be consistently defined with the one used for inspection records of cracks ( Fig. 1(a) ). Here, it should be noted that the mesh-size independency has been computationally examined and verified with no strict constraint. But for practical use, the average size of in-plane element mesh is recommended to be similar to the mean spacing of reinforcing bars or average spacing of cracks if any.
And for normal use, about 100 mm square is acceptable and actually applied in this study as well. Depth of elements is recommended as 30 to 40 mm considering both cover depth and diameter of reinforcement. Then, the crack width and its location can be converted to the equivalent smeared average strains (crack width divided by the size of the specified mesh on surface) of the member as shown in Fig. 1(b) and Equation 1. 
where, the average strains denoted by ε x0 and ε yo are related to the summation of each crack width w i in x and y direction, respectively. Subscript "x 0 " and "y 0 " mean the coordinates of location obtained from the visual inspection on the deck surface, and superscript "1" indicates the bottom layer. Number of cracks denoted by n is counted in the area specified by l x and l y . The equivalent average strains of inter-layers of the model are calculated by using a linear interpolation from crack information, which are obtained from the top and bottom surfaces of the target slab. If there is no available crack information for the top surface because of the coverage by pavements, the strains of the top layer are assumed to be zero ( Fig. 1(c) ). where, superscript m is the number of layers and k is the total number of planes that should be equal to (m+1). The total thickness denoted T in Fig. 1(c) is equal to the summation of the thickness of each layers denoted t j in Equation 2. As the third step, "input strains" on the system are calculated from the computed equivalent average strains in the previous step. "Input strains" are thought to refer to the strains corresponding to certain past-experienced stresses that cause cracks in structural concrete. Stated differently, residual strains remain as a result of a certain stress. The input strains are to be calculated based on stress-strain relations obtained under monotonic and static load conditions, even if the observed crack might be generated by high-cycle repetitions of loads ( Fig.  1(d) ). Then, we have,
where, the subscript "x 1 " and "y 1 " mean the values calculated from the real data, and ε k x1 and ε k y1 are the experienced maximum strain assumed. Coefficients α and β are associated with the mechanical property of concrete, and 1.5 (ratio of the maximum and unrecoverable strains under tension) and 0.0002 (=strain at the first cracking) are recommended for normal use of concrete. This method can reproduce the degree of plasticity but does not always reflect the decrease of the elastic stiffness in compression (Maekawa et al. 2006) . However, at this juncture, non-exact assessment of the compressive stiffness will not greatly affect the prediction of the remaining fatigue life, because the traffic load level applied to the deck usually does not come close to the ultimate limit states. This will be discussed in more depth subsequently. Fig. 1 Digitalizing procedure of crack inspection data converted to residual strains.
As the fourth step, all the nodes on the finite element model are numerically restrained ( Fig. 2(a) ). As the fifth step, input strains calculated in the third step are forced to develop in each element, which consequently amounts to coupling internal tensile stresses. For example, when a strain -ε k x1 is given to an element under nodal restraint condition, balanced strain ε k x1 is outfitted to keep nodal displacement zero in computation. Balanced strain ε k x1 creates inner stress σ k x1 as follows.
where, E T is an instantaneous elastic stiffness of concrete quantified by the constitutive modeling used in the finite element program. The internal stresses result in cracking numerically in each targeted element ( Fig. 2(b) ). Finally, nodal restraints are released completely ( Fig. 2(c) ). At this stage, remaining residual strains are theoretically equivalent to the equivalent average strain defined in the second step, and finally, the residual stress field satisfies the equilibrium by running the nonlinear iterative solution at this stage.
After these processes for introducing the pseudocracking, the damage state of an RC bridge deck is incorporated into the model of numerical simulation (Maekawa et al. 2006a (Maekawa et al. , 2006b ). Afterwards, we may begin a behavioral simulation of the target slab, where the pseudo-cracking is built, and obtain the calculated cycle of traffics till the fatigue failure as shown in Fig. 3 . It should be noted that the pseudo-cracking approach can be run with commercial based finite element programs developed by one of the authors as well.
Subsequent damage evolution under future traffic loads
The constitutive laws used in the proposed simulation system estimates the fatigue damage progress based on the stress amplitude and the number of repetitions. Here, the authors briefly introduce the framework of the fatigue simulation in structural concrete. The constitutive laws used in this study take into account the stress amplitude as a function of elastic strain. The multidimensional stress-strain relation is formulated by combining the uniaxial compression, tension and shear transfer modeling across crack, respectively (Fig. 4) . Here, the stress-strain relation of compressive concrete is modeled by the time-dependent elasto-plastic and fracture idealization (El-Kashif and Maekawa 2004) as,
where, the total strain denoted by ε is a summation of the elastic strain ε e and the plastic strain ε p . This is the fundamental of the elasto-plasticity. Total stress denoted by σ is a product of initial stiffness E 0 , elastic strain ε e , and the damaging parameter indicated by K c . The damage evolution due to repetition of internal stresses is implemented in the rate-type evolution of K c as, Fracture parameter K T considers time dependent fracturing and cyclic fatigue damage Maekawa et al. 2003 , Hisasue 2005 Fracture In terms of the elastic strain ε e , it reflects stress intensity in Equation 6. In other words, the elastic strain can be an indicator of the amplitude of load actions. The derivative shown above depends on the time domain t as well. However, the time dependency of the fracture parameter is not dominant under low stress amplitudes that are thought to be fatigue states. Therefore, a fracture process due to fatigue can be reasonably described by using instantaneous elastic strain, regardless of the past history, even if the initial K c is a bit different from that of the existing structure. The same reasoning applies for the evolution of plastic strain as well.
Another stress-strain relation of the tensile concrete, incorporating the tension creep effect for RC members, is proposed as,
where, ε is the total strain and K T is a fracture parameter for tensile concrete. The evolution of the fracture parameter K T is presented in a similar manner to compressive concrete as,
where, derivative F indicates time dependent fracturing due to the tension creep effect. H is the instantaneous fracture related to tension softening. Fracturing due to repetition of load, which is the point of this study, is implemented into G, which is a function of strain paths (Nakasu and Iwatate 1996) . The deterioration of bond between reinforcement and concrete is considered as the function G in equation (10). Then, the increase in crack widths due to gradual loss of bond under high repetition of loads is numerically considered in the proposed model. The constitutive law for plain concrete is formulated with the same manner as that of reinforced concrete except for the rate of tension softening degradation after cracking (Maekawa et al. 2006a ). The shear transfer across a crack plane is formulated with regard to the crack width and transverse slip. The formulation was derived from the mechanics of crack roughness and contact friction. Therefore, the shear transfer fatigue across a crack is thought to be proportional to the number of cyclic loads due to smoothing of rough crack surfaces. where, τ is transferred shear stress under the high cycle load, τ or is the transferred shear stress calculated by original contact density model (Li and Maekawa 1987) , ω and δ indicate crack width and slip, respectively, and X is the fatigue modification factor related with accumulation of shear deformation during the loading. X changes in regard to common logarithmic scale. For example, when the true value of a common logarithm is null, factor X is 1.0 and when the true value is 10 9 , factor X is 0.1. This indicates that reduction of shear stiffness expressed by factor X is highly dependent on the number of load repetitions because the slip normalized width cannot increase in logarithmic for each cycle (Gebreyouhannes et al. 2008) .
Verification of pseudo-cracking approach
3.1 Numerical consistency of pseudo-cracking -RC bridge deckAs the time-history cracking data of the real bridge deck is not available up to the fatigue failure, numerical consistency discussed in section 2.1 is first examined. The RC slab model is shown in Fig. 5 . The plane dimensions of the slab are 2.1 m x 4.5 m and 190 mm thick. The slab is directly supported by two longitudinal lines and the main span is 1.8 m. Single layer of reinforcement is provided close to the upper and lower surfaces with the assumption of 30 mm cover depth for each. Reinforcement arrangement of both sides is shown in Table 1 . Because of its symmetry, only half of the slab is modeled in the analysis.
Three-dimensional (3D) solid elements are used throughout the model. Material properties are presented in Table 2 . The total numbers of nodes are 1,296, and Table1 Rebar arrangement of studied model.
Element
Transverse Longitudinal Upper layer D16ctc300 D13ctc500 Lower layer D16ctc150 D13ctc300 Fig. 3 . The travelling load pattern is produced in the analysis by applying linearly varying nodal forces in each load step with phase-shift along the wheel running line. As a result, the total nodal force is always kept at a constant 80 kN during the passage of moving loads, but the gravity center of the applied nodal forces shift.
The progress of the mid-span deflection is traced as shown in Fig. 6 . Generally, the damage of structural RC in progress is explained by three stages. In the first stage, displacement or deformation of the structure increases rapidly due to initial cracking. In the second stage, the increment of deflection becomes small and constant with the number of passage, in terms of logarithmic scale. Created cracks are gradually developed and extended at this stage. Then, the displacement or deformation of the structure restarts rapidly due to the progressive damage just before the failure. This is thought to be the final one.
However, it is not easy to strictly clarify three damage stages, as can be seen in Fig. 6 . In particular, the demarcation between the second and third stages is difficult to discern. Then, the authors divided the second and third stages to the boundary deflection of 1/1000 of the slab span according to the criterion applied in practice. The second and third damage stages are referred to as 2-L and 2-H, respectively. The residual strains are saved after 2,000 passages as 2-L and 2,000,000 passages as 2-H (see Table 3 ). Figure 7 shows the contour maps of residual strains of 2-L. In terms of the transverse direction, relatively high residual strains are observed under the area of moving load (Fig. 7(a) ). In terms of the longitudinal direction, relatively high residual strains are observed at the edge of the moving load (Fig. 7(b) ). Figure 8 shows 2-H. The trend is similar to 2-L. However, the values are larger than those of 2-L.
In this study, computation gives the profile of residual strains, as seen in Fig. 7 and Fig. 8 . In reality, it is not easy to obtain precise crack information just from site investigations. According to a technical report on NETIS (New Technology Information System administrated by Ministry of Land, Infrastructure and Transport, Japan), the greatest possible accuracy for measuring a crack width is 0.02 mm in site. Therefore, this study adopts 100 μ as the minimum value of residual pseudo- cracking strain at the bottom surface of a slab model. 100 μ is equivalent to a 0.02 mm width single crack in a 200 mm plane square element. The strains used for the pre-analysis stated above are shown in Fig. 9 and Fig. 10 . Residual strains calculated less than 100 μ are omitted. With these strain profiles, life prediction simulations are conducted as for 3-L and 3-H, respectively.
The progresses of mid-span deflections are plotted together as shown in Fig. 11 . In 3-L, the progress of mid-span deflection, both at loading and unloading, shows agreement with those obtained for Case 1. On the contrary, for 3-H, the mid-span deflection at loading is a bit underestimated at the beginning and slightly overestimated at the end of its life. Those differences possibly come from variance of the estimated stiffness at the very beginning of simulation. In fact, progressive damage of concrete have already started at the initial point of simulation in 3-H. At this stage, this is thought to be the limitation to synchronize progressive damages with the proposed simplified method.
Conversely, each number of load passages at failure does not have substantial differences from the practical view-point. It is suggested that the constitutive laws reasonably reproduce sequential damage progress in spite of the imperfect matching of the stiffness at the beginning. This fact indicates that the proposed method practically works when the long-term damage progress is more dominant. Through this study, it can be said that the proposed simple method of pseudo-cracking can be applied to the RC slabs under moving loads whose magnitude does not exceed the short-term ultimate limit states. 
Verification in use of the damaged slab subjected to the real service loads
Since the numerical consistency of the pseudo-cracking method has been practically examined, the authors attempt to apply this method to some experiments in reality. Okada et al. (1982) fetched and tested parts of damaged decks from a real highway bridge that had been in service for seven years under heavy traffics. Figure 12 is a couple of crack profiles sketched at the top and bottom surfaces before loading. It was reported that spacing of adjacent cracks with more than 0.2 mm width is 200 to 500 mm at the bottom surface, whereas cracks at the top surface are much less. These crack patterns of damaged RC decks in service are not special but known to be induced by flexural actions caused by moving wheel type loads as well as drying shrinkage of concrete. No matter how difficult it is to identify the real mechanism of cracking without knowing the past traffic loads, the proposed pseudo-cracking method can handle the structural impact of these existing damages onto the current RC members. This is the most advantageous point of this approach. From this information, the damaged slab is modeled by the pseudo-cracking method in this section. Basic properties of the targeted slab are shown in Table 4 . Providentially, Okada et al. (1982) prepared and tested a new non-damaged slab at the same time. Then, the pseudo-cracking method can be examined through the comparison of the damaged slab and the newly casted one.
The drawings of major cracks on the mesh discretization are shown in Fig. 13 . On the basis of Fig. 13 , pseudo-cracks are created in analysis. Figure 14 shows contours of inner principal stresses at the top and bottom surfaces after the pseudo-cracking pre-analysis for the case of O1. The location of highlighted area that means cracking of concrete seems consistent with the location of observed cracks as shown in Fig. 12 .
The loads versus mid-span deflections of the slabs fetched from the real site (case O1 and case O2) are shown in Fig. 15(a) and (c). Figure 15(b) shows the loads versus mid-span deflections of slabs newly casted in a laboratory (case N1 and case N2) as comparison.
For case N1 and case N2, the initial stiffness and the load carrying capacity of the simulation show agreements to those obtained in the experiment (Fig. 15(a),  (b) ). The progress of the mid-span deflection during the pulsating load of 2.30 million cycles is simulated approximately 5.7 mm of the case O1, and it is not unrealistic compared to 6.7 mm measured in the experiment (Fig. 15(c) ).
Because round bars, instead of deformed bars, were used in the slab subjected to the real service loads for seven years, a possible explanation is that the decrease in bond may increase in more deflection and shorten the fatigue life in the experiment. Even though the initial stiffness simulated by the pseudo-cracking method is somewhat higher than those obtained in the experiment (Fig. 15(a), (c) ), this was theoretically expected as mentioned in Section 2, and it is thought to be reasonable. The comparison indicates that the progress of damages simulated by the pseudo-cracking method can be used for remaining fatigue life prediction of existing slabs.
Parametric study
Damaged slabs in the five deterioration grades according to JSCE Standard
In this section, the new system is used to quantitatively assess the residual fatigue life of slabs with different damage conditions. The inspected crack data for different deterioration grades refers to the JSCE maintenance standard for bridge slabs. The plane dimensions of the referential slab are 3000 mm x 2000 mm, with thickness 190 mm, supported by longitudinal and transverse girders. Figure 16 shows the 3D finite element discretization and the setting of boundary conditions. A full model is used for analysis. Mesh size for each element is about 250 mm x 200 mm x 50 mm in the x, y, and z directions. In computation, the compressive strength for concrete is assumed to be 30 MPa, and the yield strength of reinforcement is set up by 345 MPa.
According to deterioration descriptions of the JSCE code, five cases with different initial damage conditions, corresponding to Grade-A -Grade-E denoted by the standard, are defined. Grading is based on the average space, the maximum width and the directions of cracks in the unit area that is usually bounded by main and transverse girders. This paper studied them in numerical analyses (see Table 5 ).
Prediction of residual lives with five damage grading
The different damage states, specified as Grade-A ~ Grade-E in the JSCE code, were introduced to the proposed pseudo-cracking approach following the flow step 1 to step 6 as shown in Fig. 1 , and the distributions of strains after pre-analysis (step 1 to step 6) are shown in Fig. 17 . Then, the fatigue life assessments are begun. The travelling load pattern is produced in the analysis by applying linearly varying nodal forces in each load step, in the same manner as described in Section 3. Figure 18 shows the relationship between the maximum mid-span deflection at loading and number of passages. Since the models of grade-D and grad-E reflect seriously damaged states, they were unable to sustain 550 kN for a meaningful number of cycles. Therefore, the results under lower load levels are shown in their places (Fig. 18(d), (e) ). The results of the parametric study find that existing cracks shorten future fatigue life. For further discussion, we temporally assume 1/400 of the slab span (5mm in this example) as the criterion to obtain the S-N diagram of the cases. Figure 19 is the S-N diagrams of five slabs with different grades of deterioration based on the criterion as assumed. The figure indicates the three degrees of deterioration, i.e., early, accelerated and deterioration phases. At the early phase (Grade-A, Grade-B and Grade-C in the simulation), the S-N diagram shows little difference in fatigue life compared to the non-damaged one. As described in the JSCE specification for the slab maintenance, in the early and the crack propagation phases, the degree of deterioration of the slab is relatively low and the recommended remedial measure is to intensify a careful site investigation. Simulation results are quantitatively consistent with the standard code.
At the accelerated phase (Grade-D in the simulation), the computationally induced crack damage adversely effects the fatigue life. In the JSCE code specification, at and after this phase, some appropriate repair or strengthening measures need to be taken. Simulations 
